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Abstract
The amount of energy  deposed by a beam of muons passing through a
liquid hydrogen absorber in a muon cooling channel is calculated. Special




















Ionization cooling is a proposed technique to reduce the emitance of the muon beam in a neutrino
factory. It works in two steps: first the momentum of particles is reduced uniformly in a low Z absorber
(where they ionize e.g. liquid hydrogen), then the longitudinal momentum is restored in an rf cavity.
After this cooling procedure the particle has the same longitudinal momentum as before, but its
transverse momentum is reduced. Thus its x’=arctan(pt/pl) is smaller than before the cooling.
Heat load calculation
During the ionization process, the beam deposits energy in the hydrogen absorber which has to be
cooled away in order to prevent the hydrogen from boiling. The amount of energy deposed in one







We sum over all muons I, and x is the distance traveled through the absorber (x=λ/x’) with λ as the








































with K/A as a constant (0.3 MeV/g cm2), Z the charge number, β the relativistic beta of the muon, me
the electron mass and Tmax is the maximum kinetic energy that can be lost to an electron at one scatter.
I is the average ionization potential.
The beam particles in the CERN standard Neutrino Factory scenario can all be treated as minimum










where N is the number of beam particles and the sum j is performed over the remaining particles
(“trash particles”).
We can calculate the heat load from the beam particles for the CERN standard NF scenario. In the
44MHz part of the cooling channel, there are 3x1014 muons/s, in the 88MHz part there are 2x1014
muons/s1. They all loose 0.28MeV/cm. The resulting heat load can be found in Tab 1.











44MHz cooling channel 24cm 6.72MeV 322W 11 3.5kW
88MHz cooling channel 40cm 11.2MeV 358W 22 7.9kW
Total cooling channel - 320.32MeV - 33 11.4kW
Table 1: Refrigeration power needed for the beam particles in the CERN standard NF scenario.
With an estimated refrigeration efficiency of 1:50 at liquid hydrogen temperatures (20K), we would
need 5.5MW grid power for the cryogenic system of the hydrogen absorbers, if there were only beam
particles.
We have to add to the above estimate the dE of the “trash particles” that are in the beam pipe and pass
through the absorbers, as well. These can be separated in three groups:
                                                           
1 Lombardi, A.: A 40-80 MHz System for Phase Rotation and Cooling, CERN NuFact note 34.
• The particles that are “born” out of the acceptance with an energy that has been too high.
Because of the flatness of the Bethe-Bloch equation between 100MeV and 1GeV they
behave with respect to the absorbers just like beam particles. They loose some energy in
the cooling channel because the out-of-phase rf will only restore a part of the energy lost
in the absorber. This will not change their behavior as they will on average just get
decelerated by 60MeV in the whole CERN cooling channel. These particles linearly
increase the required refrigeration as they deposit 0.28MeV/cm/particle in liquid
hydrogen.2
• The particles that are “born” out of the acceptance with an energy too low. These particles
will face the same effect of loosing energy, but as the start with a lower energy, the
consequences are more severe. They are part of the slow-particle-problem (see next
section).
• The particles that have been in the acceptance but have been thrown out by straggling or
by the frequency change from 44 to 88 MHz. They are also a part of the slow-particle-
problem.
The slow-particle-problem
Slow particles do not only face a steady deceleration, this effect is self-enforcing. The slower they get,
the more energy they loose per unit length of absorber because the Bethe-Bloch curve rises for muons
with less than 100MeV energy steeply (see Fig.1). In fact, particles that have less than 50MeV kinetic
energy will loose all of it very rapidly in one absorber. We can calculate the energy that a muon looses
on the last x mm before it is stopped by integrating the Bethe-Bloch equation (see Fig. 2). The result
can be interpreted as the energy that has been deposited in a hydrogen absorber by a muon that is
stopped exactly at the end of the absorber. For a 24(40)cm thick hydrogen absorber, these values are
48(56)MeV.
If we compare these figures to the 0.28MeV/cm a “beam” muon deposits per centimeter of absorber,
we see that a dying muon deposits seven times more energy than a normal beam particle in a 24cm
absorber and five times more in a 40cm absorber.
Although the muon is decelerated and thus its lifetime in the lab frame gets shorter and shorter, it will
loose almost all its energy before decaying. Even at the low kinetic energy of 1MeV, the real decay
length of the muon is l=βγcτ=90m. A plot of the decay length over the kinetic energy can be found in
Fig 4.
Figure 1: The Bethe-Bloch curve for the dE/dx of muons in matter. Taken from3
                                                           
2 It could turn out that a new collection system with a beam dump eliminates theses particles and we
do not have to care about them at all.
3 Particle Physics Databook, WEB edition, chapter 23
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Figure 2: Integrated energy loss of a stopped muon in liquid H. Energy lost by a
muon that gets stopped in liquid H as a function of the distance traveled. Most of
the energy is lost in the last 20mm. Calculated by integrating a parametrised
Bethe-Bloch equation.
Figure 3: Explanation of Fig. 2 – the energy
that a muon looses in liquid hydrogen on the
last λ mm before it gets stopped.




















Figure 4: Decay length of muons. Even very slow muons survive
until they are decelerated to rest. The decay length must be
compared to the absorber width of 24(40)cm.
Collective Effects
If under certain conditions a high number of muons all die in the same absorber, this could add a
significant heat load to the hydrogen. This is exactly the case in the first absorber of the cooling
channel. Here, all the “trash” particles that have survived from the target, pass through the absorber.
All of them with an energy of less than 50MeV loose their complete energy in the first absorber.
Another example is the frequency shift from 44 to 88 MHz in the CERN NF scenario. If we track back
all particles that die in a 40cm long absorber we find that they had an initial energy spread of 12MeV.
The average energy deposited is 41MeV per particle.
About 1014 muons/s are kicked out of the rf bucket with an energy spread of 50MeV. They will die in 4
consequent absorbers, adding a heat load in each of them of 56MeV x 1014/4 µ/s  =  200W.
Furthermore the muons decay into electrons that carry an average kinetic energy of 30MeV. These
electrons further ionize the absorber, increasing the heat load even more.
Summary
The total refrigeration for the hydrogen in the CERN standard NF cooling channel has been calculated.
If only beam particles are regarded, the total refrigeration needed is only 11kW (at 20K, however). This
translates into about 5.5 MW of grid power.
“Trash particles” add to the above amount and slow muons loose up to seven times more energy per
particle in the absorber in which they are stopped. These effects will increase the hydrogen
refrigeration needed roughly by a factor of two. Locally this factor could be higher. This has to be
taken into account when designing the liquid hydrogen absorber, but it poses no threat to the CERN NF
scenario.
